This study reports on the first example, to our knowledge, of the usefulness of an ultrasound (US)-irradiation during an enzyme adsorption step, for enhancing the performance of a redox-enzyme-based amperometric biosensor. Horseradish peroxidase (HRP) and thionine (Th) were coadsorbed from a mixed aqueous solution of HRP and Th onto a carbon-felt (CF) under US-irradiation for 5 min with an ultransonic bath operating at 40 kHz frequency and 55 W of electric power output. The resulting HRP and Th-coadsorbed CF (HRP/Th-CF) was successfully used as a working electrode unit of a bioelectrocatalytic flow-detector for hydrogen peroxide (H2O2), which detects the cathodic peak currents based on the direct (unmediated) reduction of oxidized HRP intermediates at 0 V vs. Ag/AgCl. Compared with ordinary adsorption without US-irradiation, US-irradiation during the HRP adsorption step was effective to obtain highly sensitive peak current responses to H2O2. The measurements of electrochemical impedance spectroscopy and cyclic voltammetry suggested that the adsorption of HRP and Th under the US-irradiation provides a suitable interfacial microenvironment for a favorable orientation and conformation of an enzyme with active site available for both substrates and the electrode, which results in larger bioelectrocatalytic activity. The peak currents for H2O2 increased up to 3 × 10 -6 M (sensitivity, 4.72 μA/μM) with a lower detection limit of 2 × 10 -8 M (S/N = 3; current noise level, 0.03 μA).
Introduction
Ultrasound (US)-irradiation has been used to accelerate the rates of various chemical reactions and, in some cases, US irradiation influences the enzyme activity. [1] [2] [3] [4] [5] [6] Most of these studies have focused on the effect of US-irradiation during enzyme reactions, [1] [2] [3] and the effects of the US pretreatment of enzymes in the solution phase. [4] [5] [6] However, its effects on the enzyme-immobilization step for enzyme-based biosensors and electron-transfer properties of redox-enzymes-immobilized electrodes, from the viewpoint of improving the analytical performance of enzyme sensors, have not been studied so far, to the best of our knowledge.
A highly sensitive, selective and convenient determination of hydrogen peroxide (H2O2) is of practical importance in clinical, biological, chemical, environmental and many other fields. Conventional methods for the determination of H2O2, such as titrimetry, 7 spectrophotometry, 8 chemiluminescence, 9 and fluorometric methods 10 usually require expensive equipments and reagents, complicated-and time-consuming procedures and skillful techniques. In contrast, an amperometric enzyme electrode is one of the attractive tools because of its simplicity, high sensitivity and selectivity.
Up to now, a large number of H2O2-sensing electrodes using peroxidase have been reported. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Most of these peroxidase-electrodes detect mediated [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] or direct reduction currents [22] [23] [24] [25] [26] of the oxidized peroxidase-intermediates (i.e., compounds I and II) generated by the reaction of H2O2. Since most redox enzymes lack pathways that can transport an electron from their embedded redox-active center to an electrode, microenvironments and interfacial properties of the immobilized enzymes on the electrode surface (e.g., the structure, orientation of enzyme on the electrode surface, and the interaction between enzyme and electrode) would reflect the electrical communication properties and sensor performances. From this viewpoint, the enzyme immobilization strategy and the selection of the electrode materials would be important factors that influence the electron-transfer properties and the performance of peroxidase-based H2O2-sensing electrodes.
Carbon-felt (CF) is a microelectrode ensemble of micro carbon fibers (ca. 7 μm in diameter) which possesses a random three-dimensional structure. 27, 28 It has an extremely high surface area (estimated to be 0.1 -10 m 2 g -1 ), and shows high conductivity and high electrolytic efficiency. In addition, the high porosity (>90%) and porous structure of CF presents a very low diffusion barrier against solution flow. Therefore, the establishment of an effective enzyme-immobilization protocol on the CF surface would be valuable for developing CF-based electrochemical flow biosensors. From this viewpoint, we have recently reported that the phenolic (-OH) group on the graphite edge of the CF surface is useful to modify an amino-functionalized organosilane and various coupling reagents 29 as well as cyanuric chloride [30] [31] [32] for the subsequent covalent coupling of tyrosinase [29] [30] [31] and peroxidase 32 to fabricate enzyme-modified CF-based amperometric flow biosensors.
However, these chemical modification protocols are still complicated and time-consuming, and require toxic reagents in some cases.
Protein adsorption onto various support matrices is a well-known phenomenon. Thus, the establishment of a simple protein adsorption protocol onto the CF surface is useful and valuable for various practical applications, if adsorbed enzymes on the CF are stable and retain their original activities for a long-term period. In a previous study, we fabricated a CF-based amprometric flow biosensor for H2O2 using CF on which horseradish peroxidase (HRP) and thionine (Th) had been coadsorbed. 15 This HRP/Th-CF-based flow biosensor exhibited reproducible peak current responses to H2O2; the sensitivity and lower detection limit of this H2O2 sensor were 0.72 μA/μM and 0.1 μM, respectively.
More recently, we optimized the adsorption conditions of HRP and Th (e.g., HRP and Th concentrations, adsorption time, ionic strength, pH), and succeeded to improve the sensor performance (sensitivity, 3.55 μA/μM; lower detection limit, 0.03 μM).
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In the present work, we first investigated the effect of US-irradiation during the enzyme adsorption step, by using HRP and CF as a first model system, and succeeded to improve the analytical performance of the HRP/Th-CF-based flow biosensor for H2O2. The HRP and Th were coadsorbed onto the CF surface from a mixed aqueous solution of HRP and Th under US-irradiation for 5 min, and the analytical performance of the resulting HRP/Th-CF-based flow H2O2 biosensor was evaluated. A comparison of the results with and without the US treatment showed that US-irradiation during the enzyme adsorption step is effective to enhance the sensitivity (sensitivity, 4.72 μA/μM; lower detection limit, 0.02 μM); also the resulting HRP/Th-CF-based flow-H2O2-biosensor exhibited excellent operational and acceptable storage stabilities. This would be the first example of the role of US-irradiation during the enzyme adsorption step for improving the performance of the enzyme-based electrochemical biosensor.
Experimental

Reagents and materials
Horseradish peroxidase (HRP, EC 1.11.1.7, >100 units mg -1 ), 30% (v/v) hydrogen peroxide were obtained from Wako Pure Chemicals and used without further purification. Thionine (Th) was purchased from Tokyo Kasei Kogyo Co. SAT blue (N,N′-bis(2-hydroxy-3-sulfopropyl)tolidine, disodium salt) was purchased from Dojindo. A carbon-felt sheet (CF; which was prepared by pyrolysis of polyacrylonitrile at 2000 C, the density is 1.4 g/cm 3 , the porosity is more than 90%) was obtained from Nippon Carbon Ltd. The standard solution of the H2O2 was prepared immediately by dilution of 30% H2O2 with a buffer prior to use. A 0.1 M phosphate buffer (prepared by using K2HPO4 and KH2PO4) was used for preparing electrolyte and carrier solutions. All of the solutions were prepared with doubly-distilled deionized water (Yokozawa Chemical Co.).
Preparation of the HRP/Th-CF electrode
The CF was cut into 10 × 3 × 3 mm (ca. 12 mg), and was washed with pure water under a US treatment (40 kHz, AS ONE, US-1R) for 10 min. Then, the CF was immersed into a HRP/Th-mixed aqueous solution (2 ml) at room temperature for 5 min under US-irradiation at 40 kHz of frequency and 55 W of electric power output. The US-irradiation was carried out by placing a vessel containing a HRP/Th-mixed solution and CF in a batch-type ultrasound bath (AS ONE, US-1R). After that, the resulting HRP/Th-coadsorbed CF (HRP/Th-CF) was applied in a flow-biosensor system. 15, 16, [29] [30] [31] [32] As a control, the HRP and Th were coadsorbed onto the CF without US-irradiation. Before sample measurements, an air-saturated 0.1 M phosphate buffer (pH 7.0) was flowed at 3.25 ml/min for 1000 s under an applied potential of 0 V vs. Ag/AgCl to reduce the background-current and to remove weakly adsorbed HRP and Th. The HRP/Th-CF was stored in a 0.1 M phosphate buffer (pH 7.0) in a refrigerator at 4 C when not in use.
The electrochemical measurements
Electrochemical measurements (i.e., cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)) were carried out with an electrochemical analyzer (ALS 6112A, ALS Co. Ltd., Tokyo, Japan) at room temperature with a conventional one-compartment three-electrode system comprising the HRP/Th-CF with a platinum lead wire (0.5 mm diameter) as a working electrode, a platinum wire (1 mm diameter) auxiliary electrode and an Ag/AgCl reference electrode (BAS, RE-1B). Deoxygenized 0.1 M phosphate buffer (pH 7.0) was used as electrolyte solution. To reduce the effect of dissolved oxygen in the buffer, high-purity grade nitrogen gas was bubbled through the solution for at least 20 min prior to electrochemical measurements. For the EIS measurement, a deoxygenized 0.1 M phosphate buffer solution (15 ml, pH 7.0) containing 0.25 mM hydroquinone as an electro-active redox probe (hydroquinione/p-quinone couple) was used as an electrolyte. The applied potential was set at the formal potential of the redox system (i.e., +0.1 V vs. Ag/AgCl at pH 7.0). The frequency was from 0.01 Hz to 10 kHz. All of the electrochemical measurements were carrier out at room temperature.
Flow-amperometric measurements with the HRP/Th-CF-based flow-biosensor
The configuration of the flow-biosensor system is essentially the same as previously reported by us. 15, 16, [29] [30] [31] [32] Air-saturated 0.1 M phosphate buffer (pH 7.0) was used as a carrier at a flow rate of 3.25 ml/min. After the background current had reached to the steady-state value at an applied potential of 0 V vs. Ag/AgCl, standard solutions (200 μl) of H2O2 were injected, and the cathodic peak current, due to the DET-based bioelectrocatalytic reduction of H2O2, was measured. All experiments were carried out at room temperature.
SAT blue colorimetry for evaluating the HRP-activity
The catalytic activities of the adsorbed HRP on the CF and free-HRP were determined by the colorimetric method using SAT blue. 33 Briefly, to a 10-ml diluted SAT blue solution (10 times-dilution with 0.1 M phosphate buffer pH 7.0), HRP/Th-CF and/or HRP solutions (10 μl) were added, and the resulting solution was incubated for 2 min at room temperature under mechanical stirring with a magnetic stirring bar. During this time, 0.5 ml of the reaction mixture was taken every 30 s, and mixed with 2 ml of 1 M HCl to stop the enzymatic reaction. The absorbance at 474 nm of this mixture was measured at room temperature with a U-200 spectrophotometer (Hitachi Co.) with 0.1 M phosphate buffer (pH 7.0) as a control.
UV-Vis spectroscopy
Absorption-spectra measurements of HRP in aqueous solution before and after US-irradiation were carried out with a Shimadzu UV-1800 (Shimadzu Co. Ltd., Kyoto, Japan) double-beam UV-Vis spectrophotometer at room temperature. A quartz cell with a path length of 1 cm was used for the measurements. One microcuvette was filled with 3 ml of HRP aqueous solution (15 μM), while a second microcuvette filled with pure water was used as a blank reference.
Circular dichroism measurements
Circular dichroism (CD) measurements were carried out using a Jasco J-725 (JASCO Co. Ltd., Tokyo, Japan) spectropolarimeter fitted with a xenon lamp and calibrated with + d-10-camphor sulfonic acid. Dry nitrogen gas was purged continuously into the instrument before and during the experiments. The CD spectra in the far-UV region (200 -250 nm) of the HRP aqueous solution (2.3 μM) before and after US-irradiation were measured using a 1-mm path length quartz cuvette. Each spectrum is the result of the averaging of eight consecutive scans. The obtained values were normalized by subtracting the baseline recorded for pure water. The temperature of the sample was controlled at 20 C with a Peltier block (PTC-348 WI, JASCO Co. Ltd., Japan).
Results and Discussion
Effect of an ultrasonic (US) treatment on the activities of freeand adsorbed HRP on the CF
While known to result in the acceleration of enzyme-catalyzed reactions, ultrasonication (US) has also been shown to induce enzyme inactivation. [4] [5] [6] In this study, we used pure water as an adsorption solution for HRP and Th adsorption, because in a previous study concerning optimization of the adsorption condition of HRP and Th, pure water was revealed to be most preferable to obtain a larger peak current response as compared with buffer solutions, KCl and NaCl solutions. 16 Figure 1 shows the effect of the US-pretreatment on the catalytic activity of free HRP in aqueous solution. The HRP aqueous solution (0.033 mg/ml) was pretreated under the US for 5 min at 20 C (40 kHz, 55 W), and then the catalytic activity (bioactivity) of the HRP was evaluated by SAT-blue colorimetry. The bioactivity of free-HRP was not very much influenced by US-irradiation for 5 min. This observation implies the following interpretations: (1) US-irradiation does not affect the structure and conformation of the HRP molecule in the solution phase, (2) even if the structure and conformation of HRP had been changed during the US-irradiation period, this structural and conformational change may be reversible, and the native structure of the HRP may be recovered during the colorimetric measurement period.
In order to confirm the effect of US-irradiation upon the structure of HRP, we measured UV-Vis and CD spectra, and compared the results obtained before and after US-irradiation. As shown in Fig. 2A , no apparent changes were observed for the UV-Vis spectra of HRP solutions before and after US irradiation for 5 min. Since the absorption peaks at 640, 494 and 402 nm (Soret band) are attributed to the microenvironment of the active heme center of the HRP, it would be safe to assume that US-irradiation does not affect the structure of the HRP active center. The CD spectrum is useful to study protein structure. The far-UV region is characterized by the peptide n → π* electronic transition, which is sensitive mainly to the conformation of the secondary structure with some contribution from the aromatic side chains. 34 As shown in Fig. 2B , the CD spectra of HRP in the far-UV region before and after US-irradiation (5 min) did not exhibit much difference, suggesting that the secondary structure of HRP is not much influenced by US-irradiation. Figure 3A depicts the effect of US-irradiation during the HRP and Th-adsorption step upon the magnitude of the cathodic peak currents to 100 μM H2O2 (bioelectrocatalytic activity) obtained by a HRP/Th-CF-based flow H2O2 biosensor. The magnitude of the cathodic peak current of the HRP/Th-CF prepared under US irradiation (bar c) was more than 5-times higher than that without US-irradiation (bar d). This result indicates that the bioelectrocatalytic activity of the HRP/Th-CF is significantly influenced by US-irradiation during the HRP and Th-adsorption step, differing from the activity of free HRP (see Fig. 1 ).
In general, the magnitude of the bioelectrocatalytic activity of the peroxidase-immobilized electrodes is considered to be influenced by various factors: for example, (1) the amount of enzyme loading; (2) the catalytic activity (bioactivity) of the immobilized enzymes; (3) the enzyme orientation on the electrode surface; (4) the electron-transfer property between the active-heme center and the electrodes; (5) the reactivity of electron-transfer mediators; (6) the diffusion properties of the substrates and the products.
Next, in order to compare the bioactivity of the adsorbed HRP on the CF, we evaluated the catalytic activity (bioactivity) of the HRP/Th-CF by SAT-blue colorimetry. Figure 3B shows the effect of the US-irradiation during the HRP and Th-adsorption step upon the bioactivity of HRP adsorbed on the CF. Although the HRP/Th-CF prepared under US-irradiation (bar e) seems to exhibit a slightly larger bioactivity as compared with that prepared without the US-treatment (bar f), the catalytic activities of the adsorbed HRP seemed not to be influenced significantly by the US-irradiation.
Here, it should be emphasized that US-irradiation during the HRP and Th-adsorption step was effective to enhance the bioelectrocatalyic activity (evaluated by the cathodic peak current at 0 V vs. Ag/AgCl, see Fig. 3A ), whereas it scarcely influenced the bioactivity (evaluated by the SAT-blue colorimetry, see Fig. 3B ) of the adsorbed HRP. As described above, the interfacial properties (e.g., enzyme amounts, special orientation, packing situation, molecular structure and folding states) of the peroxidase-immobilized electrode are important factors that influence the bioelectrocatalytic activity based on direct electron-transfer.
The possible reasons why US-irradiation during the adsorption step caused the increased bioelectrocatalytic activity of the HRP/Th-CF can be assumed to be as follows: (i) the US-irradiation may facilitate a favorable interaction of Th with the HRP, (ii) the US-irradiation may alter the interaction of the CF surface with the HRP and Th molecules. These interactions would also provide a favorable adsorption state of the HRP on the CF (e.g., orientation and conformation favorable for the direct electron transfer).
Interfacial properties of the HRP/Th-CF evaluated by EIS and CV
Electrochemical impedance spectroscopy (EIS) is a useful tool to evaluate the interfacial properties of the protein-immobilized electrodes. 35, 36 In this case, the charge-transfer resistance (Rct,) which can be evaluated from the diameter of the half circle of the Nyquist plot, is one of the useful parameters for considering the interfacial properties, based on the following assumption: (1) the electro-active species could directly diffuse to the bare spots on the electrode through pores and defects of the adsorbed protein layer; (2) electro-active species could permeate through the immobilized protein layer and react at the CF surface. Figure 4 shows a Nyquist plot of the HRP/Th-CF prepared with and without US-irradiation during the adsorption step and Thus, it would be safe to assume that the surface coverage (and/or the amounts of enzyme loading) of the adsorbed HRP with and without US-irradiation is not so much different. This assumption would be reasonable because the catalytic activities (bioactivity) evaluated by SAT-blue colorimetry of the HRP/Th-CFs are not so much different, irrespective of US-irradiation during the adsorption step (see Fig. 3B ).
In a previous study, we reported that the existence of Th in the HRP solution, in which the CF is immersed for adsorption, played an interesting role to facilitate direct electron-transfer (DET) between the redox active-center of the adsorbed HRP and the CF surface. 16 In this study, we detected the cathodic peak current at 0 V vs. Ag/AgCl, at which potential, most of the adsorbed Th exist as the oxidized form, which can not react with the oxidative HRP intermediates (compounds I and II). Therefore, the observed current responses would be attributed to direct electrochemical reduction of compounds I and II, not to the mediated current of adsorbed Th.
In order to obtain further evidence about the reaction mechanism, we measured the cyclic voltammetry (CV) of the HRP-CF and HRP/Th-CF. Figure 5 shows cyclic voltammograms of the HRP-CF (A) and HRP/Th-CF (B) in both the absence and the presence of H2O2. As shown in Fig. 5A , in the absence of H2O2, a small redox wave observed at -0.35 to -0.25 V vs. Ag/AgCl at pH 7.0 (E o′ = -0.296 V for US-irradiation; -0.298 V for without US-irradiation) is ascribed to the FeIII/FeII redox couple of HRP-heme. 37 In the presence of H2O2 (0.1 mM), the cathodic current appeared in the potential region from +0.3 to -0.2 V vs. Ag/AgCl and larger response was observed at -0.2 to -0.4 V vs. Ag/AgCl. The cathodic currents observed in the potential region from +0.3 to 0 V originated from the direct reduction of HRP-oxidative intermediates (compounds I and II). 38, 39 However, these catalytic currents were not very much influenced by US-irradiation. Figure 5B shows the CVs of the HRP/Th-CF. Well-defined redox peaks at around -0.2 V of the HRP/Th-CF (E o′ = -0.191 V for US-irradiation; -0.209 V for without the US-irradiation) in the absence of H2O2 are ascribed to the adsorbed Th. In the presence of H2O2, differing from the HRP-CF (Fig. 5A) , much larger cathodic currents were observed in the potential region (from +0.3 to -0.2 V), which is more positive from the E o′ of the Th. Especially, the HRP/Th-CF prepared with the US-treatment exhibited a more significant cathodic current as compared with that prepared without the US-treatment.
These results clearly indicate that the coadsorption of Th and the US-treatment facilitate direct electron transfer between the HRP-active center and the CF surface. In general, the efficiency of the electron-transfer depends on the spatial orientation of immobilized enzyme molecules. Thus, it would be reasonable to assume that the adsorption of the HRP and Th under US-irradiation provides a suitable interfacial microenvironment for a favorable orientation of enzyme with the active site available for both substrates and the electrode, which results in a larger bioelectrocatalytic activity. Figure 6 shows the typical peak currents toward each concentration of H2O2 obtained by the HRP/Th-CF-based flow biosensors prepared under US-irradiation (A) and without US-irradiation (B). It is clear that US-irradiation during the HRP and Th adsorption step is effective to obtain larger responses. In addition, the sensor exhibited stable (reproducible) responses for consecutive H2O2 injections (as shown in Fig. 6C ). The RSD of consecutive 10 times injections of 30 μM H2O2 was 0.78% (n = 10), indicating that the reproducibility of consecutive injections of the same concentration of the H2O2 sample is sufficiently good, probably because the HRP is strongly adsorbed on the surface of the CF. Figure 7 shows the calibration curves of H2O2, obtained by the HRP/Th-CF prepared with (A) and without (B) the US-irradiation, which plot the cathodic peak currents vs. H2O2 concentrations. It is clear that the HRP/Th-CF prepared with US-irradiation (A) showed much higher responses as compared with that without US-irradiation (B). The peak current of H2O2 obtained by the HRP/Th-CF prepared with US-irradiation was linear in the range between 0.05 and 3 μM H2O2 with a sensitivity of 4.72 μA/μM with a correlation coefficient of 0.9994. The lower detection limit of H2O2 was found to be 0.019 μM based on a peak current signal-to-noise ratio of 3 (noise level, 0.03 μA). On the other hand, the sensitivity and the lower detection limit of the HRP/Th-CF-based sensor prepared without the US treatment are 1.12 μA/μM and 0.080 μM, respectively.
Analytical performances of the HRP/Th-CF-based flow-H2O2-biosensors
The data from Fig. 6 were analyzed by applying a Michaelis-Menten type kinetic model (Eq. (1)):
where
Here In general, the apparent Michaelis constant value (K app m ) reflects the affinity of the substrate to the immobilized enzyme. In some cases, increasing the number of components on the electrode surface increases a diffusion barrier, which likely reflects the increase in the apparent Michaelis constant value. 40 If US-irradiation influences the interfacial properties of the adsorbed HRP layer (e.g., morphology, layered structure and orientation), which causes an increased diffusion barrier of the substrate, such differences may be one of the reasons that the apparent Km value of HRP/Th-CF prepared with the US-treatment is larger than that prepared without the US-treatment. In general, the introduction of an electrochemical mediator causes a considerable improvement in the bioelectrocatalytic efficiency, which leads to an increased Imax and sensitivity. Therefore, the US-treatment upon adsorption may provide a similar effect for improving the electron-transfer efficiency between the adsorbed HRP and the CF surface, resulting in an increased Imax and sensitivity. Unfortunately, at this stage, it is difficult to estimate the ratio of the electrochemically active and inactive HRP molecules on the CF. However, based on the assumption that the Imax value reflects the total amount of the electrochemically active HRP molecule, it can be safe to assume that the US-treatment upon the adsorption step is effective to increase the amounts of the electrocatalytically active HRP molecules (ca. 7.6 times), as compared to the case without the US-treatment.
The sensitivity and detection limit of this HRP/Th-CF-based flow-biosensor prepared with the US-treatment were much superior to other HRP-based H2O2-sensing electrodes using phenothizine dyes (e.g., thionine, methylene green, and methylene blue) as electron-transfer mediators: e.g., HRP and Th-coadsorbed TiO2 nanotube electrode (detection limit, 1.2 μM), 11 nano-TiO2/DNA/Th-modiifed electrode (detection limit, 50 μM), 12 covalently binding HRP and Th-modified electrode (detection limit, 0.8 μM), 13 cross-linked HRP and Th-modified electrode (detection limit, 0.1 μM), 14 methylene green and HRP co-immobilized glassy carbon electrode (detection limit, 0.4 μM), 17 methylene green and HRP-entrapping sol-gel/nafion film modified electrode (detection limit, 0.1 μM), 18 methylene blue and HRP co-immobilized graphite electrode (detection limit, 3 μM), 19 methylene blue and HRP co-immobilized carbon nanotube-modified electrode (detection limit, 1 μM). 20 
Selectivity, fabrication reproducibility and storage stability
The selectivity of the present HRP/Th-CF was examined with 10 μM H2O2 as a standard. Unfortunately, the addition of 10 μM L-ascorbic acid, uric acid, and dopamine into the H2O2 solution caused positive errors (L-ascorbic acid, 132%; uric acid, 128%; dopamine, 131%), probably due to the direct electrochemical oxidation of these compounds on the CF surface. In order to reduce these electrochemical interferences, for example, the insertion of another CF as an electrochemical filter for the pre-oxidations of these easily oxidizable interferences would be effective.
The reproducibility of the peak current responses obtained from different HRP/Th-CFs fabricated in the same procedure is an essential aspect from a practical point of view. Three electrodes were prepared in the same manner, and the fabrication reproducibility was evaluated by the average peak current values for three-consecutive injections of 10 μM H2O2, and the RSD (n = 3) was evaluated to be 5.12%.
Storage stability of the HRP/Th-CF was checked by measuring 100 μM H2O2 as a standard. When not in use, the HRP/Th-CF was stored in 0.1 M phosphate buffer at pH 7.0 at 4 C. The HRP retained ca. 85% of its original activity after 6 days of storage. This feature indicates that the adsorption under US-irradiation is useful for improving not only the sensitivity, but also the storage stability, as compared with our previous study in which the HRP and Th were adsorbed 24 h without any US treatment (58% after 6 days storage, 15 66% after 7 days storage 16 ). Although the detailed mechanism on the positive effect of US-irradiation in this system cannot be ruled out at this stage, a comparison of the results with and without US treatment during the enzyme adsorption step suggests the following possibility: US-irradiation during the HRP and Th adsorption step probably induced a favorable orientation, structure, and molecular packing situation of the adsorbed HRP layer on the CF surface, which provided a favorable microenvironment and interfacial properties leading to larger bioelectrocatalytic activity, as well as sufficient operational and acceptable storage stabilities.
Conclusions
In this study, we found that US-irradiation on the adsorption step of HRP and Th onto the CF surface is effective to fabricate a highly sensitive CF-based amperometric flow-biosensor for H2O2, which enables a highly sensitive determination at the 10 -8 M level of H2O2. The notable characteristics of this biosensor are: (1) ease to prepare; (2) high sensitivity (lower detection limit, 0.02 μM), (3) sufficient operational stability and acceptable storage stability. In future work, by co-immobilizing H2O2-producing oxidases with HRP/Th-CF and/or coupling with oxidase-immobilized reactor can provide wide applications for constructing various biosensors (e.g., for glucose, lactate, alchohol, glutamate, amino acids, cholesterol, uric acid etc.).
